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Reverberations of Toxic
Trace Elements
A recent study of plants that accumulate selenium from soils illustrates
how plant defenses can be sequestered and presumably exploited
defensively by herbivores that have co-evolved selenium resistance.Markus Hartl and Ian T. Baldwin
The discrepancy between the time
scales of a scientist’s life (and
funding) and evolutionary
processes makes the study of
evolution in long-lived organisms
in real-time a challenge.
Consequently, researchers prefer
to study extreme selection
pressures that force organisms to
adapt quickly, such as the
adaptation of plants to growth on
soils with toxic levels of trace
elements. Heavy-metal pollution
and the urgent need to develop
strategies for cleaning
contaminated soils have motivated
research into the physiology and
ecology of such plants [1,2].
How strong selective pressures
on contaminated soils can lead to
reproductive isolation of adjacent
populations in a relatively short
time is well documented [3].
Several hypotheses have been
proposed to explain the
evolutionary advantage of
adapting to such unfavorable
conditions [4]. The lack of
competition from other plants or
the absence of attack from
pathogens may allow
metal-resistant plants to thrive in
toxic waste dumps. But the
secondary benefits of learning to
cope with toxins may be just as
important. The accumulation of
toxic trace elements in plant tissuemay equip plants with effective
defenses against insect herbivores
either directly or indirectly, by
activating defense-related
signaling cascades [4]. Several
studies have shown that such
elemental defenses exist, but their
consequences for co-evolving
species are unknown.
Freeman et al. [5] report in this
issue of Current Biology how
higher trophic levels are influenced
by strong selective pressures from
toxic-element stress. They have
shown that the selenium-
hyperaccumulating plant Stanleya
pinnata, native to the western
United States, is well defended
against two common generalist
pests, the diamondback moth
(Plutella xylostella) and the
cabbage white butterfly (Pieris
rapae). Larvae fed on diets with
selenium concentrations as high as
those of hyperaccumulating
S. pinnata plants die, and adult
moths avoid ovipositing on
selenium-rich plants. Yet in nature,
these selenium-rich plants suffer
herbivore damage from a formerly
unknown variety of P. xylostella,
which has obviously adapted by
disarming the elemental defense.
These insects thrive on a
selenium-rich diet and do not
show any oviposition- or
feeding-deterrence. Moreover,
they can accumulate about four
times more selenium in their bodytissues as can non-resistant
varieties. Such an accumulation
may influence the moth’s predators
or parasitoids: Freeman et al. [5]
also analyzed the co-occurring
parasitic wasp Diadegma insulare
and found a correspondingly high
amount of selenium, indicating
co-evolution at the third trophic
level.
Although selenium is an essential
trace element for many species,
it becomes toxic at high levels
because of its similarity to
sulfur and its consequent
assimilation into selenocysteine.
Selenocysteine replaces cysteine
during protein biosynthesis, which
leads to protein misfolding and
severe toxicity. One mechanism by
which detoxification occurs in
selenium-resistant plants is the
inactivation of selenocysteine by
methylation. Such plant-derived
methylselenocysteine is usually
demethylated again after ingestion
by herbivores, causing severe
intoxication. In their analysis
of seleno-compounds in all
three species, however,
Freeman et al. [5] found that the
selenium-resistant varieties
accumulate the inactive
methylselenocysteine, whereas
the selenium-sensitive varieties
accumulate toxic selenocysteine.
A decrease in demethylase
activity may be the key adaptation;
such a loss of activity would in
general be a disadvantage, as
it prevents the conversion of
methyl-cysteine, which occurs
in several Brassicaceae species,
to cysteine, but with a
methylselenocysteine-rich diet,
the loss of activity might prove
advantageous.
That P. xylostella has evolved
resistance to toxic seleno-
compounds is not surprising, as it
Dispatch
R959is known for its remarkable
adaptive potential. The first insect
species to develop resistance to
DDT, it has since successfully
developed resistance to nearly
everything, including pyrethroids,
Bt-toxin and insect growth
regulators [6,7]. Nevertheless,
given that P. xylostella has only
been an invasive species for about
a hundred years in the United
States, the speed with which it
has adapted to S. pinnata is
impressive. Freeman et al. [5]
describe chemical as well as
morphological differences in the
newly discovered variety
compared to others; these indicate
a general adaptation to the host
plant’s habitat and, moreover, its
reproductive isolation from
non-resistant individuals.
The evolutionary implications are
intriguing. Could the strong
selective pressure of toxic trace
elements be driving sympatric
speciation processes at several
trophic levels? There is compelling
evidence that heavy metals in soils
are able to drive sympatric
speciation, even with substantial
gene-flow between populations
[3,8]. Such a scenario is also
imaginable for herbivorous
insects, following a shift to
hyperaccumulating host-plants [9].
Considering what we have learned
about the co-evolution of
plant–insect interactions [10,11],
the phenomena described by
Freeman et al. [5] raise new
questions. For example, is
selenium involved in the
recognition of the host plant? If
selenium represents a means of
defense and thus survival for
insects, is it involved in mate
selection as in other systems [11]?
Does the parasitoid discriminate
between selenium-rich and -poor
hosts [12]?
Eventually, the advantages of
accumulating selenium may
become a curse. Accumulated
methylselenocysteine may
increase the fitness of the main
herbivores; or its volatile
breakdown product
dimethyldiselenide may help the
insect identify its host.
Nevertheless, we should guard
against overinterpreting elemental
defense as the driving force behind
metal hyperaccumulation.2
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Figure 1. The possible con-
sequences of toxic trace
elements for three trophic
levels.
(1) Toxic trace elements and
heavy metals in the soil
influence the soil microbial
community and the rhizo-
sphere symbionts before
(2) a plant can accumulate
the toxins. In the case of
selenium, resistance results
from methylationof selenium
incorporated into the sele-
nium analogue of the amino
acid cysteine. Dimethyl-
diselenide, as a volatile, is
potentially detectable by ovi-
positing non-resistant moths
(3) looking for safe sites for
their offspring. Given that
insects commonly evolved
resistance to plant toxins,
some herbivores evolve
resistance to the toxic ele-
ments hyper-accumulated
in plants (4), which in turn
give them a potential de-
fense against their natural
enemies (5), unless they too
evolve resistance (6). These
resistant herbivores and
natural enemies may also
use the volatile dimethyldi-
selenide as a host location
cue (3).Despite how rapidly herbivore
counter-strategies evolve to
overcome this defense
mechanism, defense is likely not
the only benefit that plants gain
from coping with heavy metals. As
Mark Rausher [13] has argued,
‘‘resistance may simply be
a fortuitous side effect of
characters that evolved to
perform other ecological
functions’’. The ability to
accumulate, compartmentalize, or
volatilize toxic elements is
a necessary trait for plants
growing on contaminated soils.
Additional herbivore pressure that
drives selection into a particular
direction may be only a
secondary effect, not the main
cause, of the presence of toxic
elements. Additionally certain
interactions with mutualistic or
pathogenic microorganisms may
prove crucial for a plant’s
performance in contaminated
habitats [4].
Toxic element-driven adaptive
processes may also occur in
non-hyperaccumulating plant
species, although on a smaller
scale [14]. Recently Sarret et al. [15]have shown that tobacco plants
challenged with high zinc
concentrations preferentially
accumulate zinc ions in their
trichomes, which could affect
herbivore interactions significantly.
Figure 1 depicts how the
ecological and evolutionary
dynamics in a community of
several trophic levels could be
influenced by toxic trace
elements. Given how many
interactions may be affected by
elevated heavy-metal or other
toxic elements, it is easy to
imagine how one abiotic factor
might drive differentiation and
co-evolution in a complete
ecosystem. The strong selection
pressure from heavy metals may
lead to head banging as
researchers sort through the
resulting ecological and
evolutionary reverberations.
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If you have ever misplaced a cup
of tea, you will appreciate the
impressive microbial diversity that
can accumulate in a rich and
undisturbed habitat. A still glass of
broth works just as well, as Paul
Rainey and colleagues [1–5]
reported in a series of important
papers. From an initial clonal
inoculate of smooth (SM)
Pseudomonas fluorescens bugs,
competitively driven genetic
diversification causes rich
menageries to emerge. Among
the diverse forms, a strikingly
cooperative morph routinely takes
centre-stage: ‘wrinkly spreaders’
(WS) work together to form biofilm
rafts that float to the rewarding
oxygen-rich surface. However,
these cooperative rafts remain
vulnerable to exploitation by
cheats. For instance, mutants that
revert to the SM condition can
prosper in the biofilm, reaping the
benefits of life at the liquid–air
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Ecological
cooperative group has long been
ow we learn that competition, by
rators, can create groups that are
istant to defection.
until the biofilm sinks under their
uncooperative weight [1,3].
As recently reported in Current
Biology, Michael Brockhurst and
colleagues [6] have taken this
paradigm of sociality and shown
that continued diversification within
the biofilm raft can render the
cooperative group a far less
hospitable place for cheats
(Figure 1). In a series of compelling
experiments, the authors first
demonstrated that character
displacement through resource
competition evolved within biofilms,
mirroring earlier studies of character
displacement throughout the
medium. Taking these diversified
biofilm communities and
decomposing them into their
constituent monocultures, they then
showed that the diversified
communitieswere farmoreresistant
than their constituent monocultures
to exploitation bynaturallyemerging
SM cheats.
Unsuprisingly, the extent of
character displacement within the
communities of WS cells was more
pronounced in some experimental
replicates than in others. Using thiselemental defense hypothesis: Dietary
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herbivores. J. Chem. Ecol. 31,
1669–1681.
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DOI: 10.1016/j.cub.2006.10.014natural variation among replicates,
the authors were finally able to
demonstrate that more diverse
biofilms were also more
productive, creating bigger
aggregates of WS-like cells.
Together these results show that
local resource competition can
create diverse, co-adapted
communities of cooperators that
are both more productive and more
resistant to cheats than their
monomorphic ancestors.
Why are more diverse biofilms
more resistant to invasion by
cheats? Brockhurst et al. [6]
suggest several possible
processes that might underlie
the resistance. First, character
displacement [7,8], by reducing the
extent of direct competition among
cooperative individuals, could
reduce the selective advantage to
cheating. Second, given the
presence of different kinds of
cooperators with potentially
different points of vulnerability
to cheats, it is possibly more
difficult for a single cheat to
effectively specialise on
cheating against this diverse
ensemble [9]. Third, the emergent
diversity and efficient resource
use within the cooperative
ensemble might leave little space
for any form of newcomer, be they
cooperators or cheats [10,11].
These three hypotheses are not
mutually exclusive — they might
operate simultaneously, and
are all worthy of further
experimental and theoretical
attention.
